Heteroplasmy, the presence of more than one type of mtDNA within cells, is common in animals and has been associated with aging and disease in humans. Changes in the frequencies of mtDNA variants between cell and animal generations thus bears on the evolution of mtDNA and the progression of diverse pathologies. We have used densitometry of Southern blots of individual heteroplasmic Drosophila melanogaster to study the effects of age, increased egg production after mating, and temperature on evolution of heteroplasmy within and between generations. The frequency of the longer mtDNA variant consistently increased between early and late cohorts of F 1 offspring derived from 18 independent heteroplasmic mothers as they aged. Neither temperature (f lies maintained at 25°C and 18°C) nor the holding of f lies as virgins for 10 days before mating had significant effects on transmission patterns. However, at the ends of their lives, f lies that had laid eggs at 25°C had a greater frequency of the long mtDNA than did their siblings who had laid eggs at 18°C. The evolution of heteroplasmy within a generation was studied in samples of siblings that either were mated or held as virgins, and then scored for mtDNA haplotype frequencies at two different ages (day 2 and day 14). Mated f lies showed a significantly greater increase in the frequency of the long mtDNA variant with age than did the unmated f lies. This system provides a model for the joint analysis of generational and chronological age in the transmission dynamics of a molecular polymorphism.
In the past decade direct evidence for mtDNA heteroplasmy, the presence of more than one type of mtDNA in cells, has been increasing rapidly from two very different lines of study. Surveys of mtDNA variation in natural populations of animals have revealed that heteroplasmy for mtDNA length variation is quite common. Much of this variation is caused by insertions, deletions, or duplications in and around the control region of the molecule (containing the origin of replication and transcription; reviewed in ref. 1) . In humans, examples of mtDNA heteroplasmies have been reported involving both deletions of large coding regions and point mutations in individual genes (2, 3) . Although no strong fitness effects have been attributed to mtDNA size variation in the control region (e.g., ref. 4) , this type of variation has been useful in documenting the dynamics of cytoplasmic inheritance (5) (6) (7) . In contrast, human heteroplasmies have been shown to accumulate in different tissues with increasing age, and the presence of specific mtDNA mutations has been linked to particular neuromuscular diseases (2, (8) (9) (10) . Because the severity of some of these diseases is a function of the proportion of mutant mtDNAs within the cytoplasm, and smaller mtDNAs are thought to outreplicate wild-type molecules (2) , information on the fate of variant mtDNA molecules in successive generations of heteroplasmic cells is central to the genetics and evolution of mtDNA as well as the progression of mitochondrial diseases.
Age-related effects of mtDNA mutations have been examined primarily in somatic tissues (9, 11) . Although intergenerational studies have played an important role in the identification of mitochondrial diseases (caused by the maternal inheritance of mtDNA), less attention has been focused on the effects of age on mtDNA mutations in the germ line (8, 12, 13) . Because mutations in mtDNA may increase with age, age of reproduction may influence the frequency and occurrence of heteroplasmy transmitted to the offspring, which may be related to the health of offspring born early or late in the life of the mother. However, strong selection against mutant mtDNAs, or cells carrying too many mutant mtDNAs, may be important in proper implantation and development of early mammalian embryos (8, 14) . This sort of ''cleansing'' process may have been an important force in the evolution of both aging and organelle genomes (e.g., ref. 15 ).
Here we use strains of Drosophila melanogaster heteroplasmic for two mtDNA length variants that differ in the AϩT-rich control region of the molecule to describe the fate of mtDNA variants within and between generations. By using densitometry of Southern blots of single flies, we document a consistent increase in the frequency of the large mtDNA length variant between early and late cohorts of offspring from single heteroplasmic females, confirming an earlier study with D. mauritiana (6) . We extend this analysis to mated and unmated flies of different ages and show that the increase of the long mtDNA is significantly greater in mated flies. This system provides a model for the joint analysis of generational and chronological age in the transmission dynamics of a mtDNA polymorphism.
MATERIALS AND METHODS
Fly Strains. D. melanogaster were collected in Brownsville, TX (16) , obtained from Larry Hale (McMaster University, Hamilton, ONT, Canada), and maintained in population cages. Subsequent Southern blot analysis of individual flies from the laboratory populations revealed flies carrying spontaneously generated heteroplasmy for mtDNA size variation in the AϩT-rich control region. To obtain heteroplasmic stocks, isofemale lines were started from the population cages, two of which were used in the current experiments. The 4-19D4 stock contains flies that are heteroplasmic for Ϸ19.5-kilobase (kb) and Ϸ20.4-kb mtDNA length variants, and the 5-27H3 stock contains flies heteroplasmic for Ϸ19.5 kb and Ϸ20.0 kb. MtDNA length variation in D. melanogaster is caused by the presence of 464-bp (and smaller) repeats in the AϩT-rich region of the molecule (17) . The long and short mtDNAs in the heteroplasmic lines likely differ by one (5-27H3) and two repeat units (4-19D4) .
Southern Blot Analysis. Southern blots were used because they were determined to be more accurate than a PCR approach. Individual females were ground in a 1.5-ml Eppendorf tube with a pestle in 25 l of grinding buffer (0.2 M sucrose͞50 mM EDTA͞0.1 M Tris͞0.5% SDS, pH 9.0) and 0.5 l of diethyl-pyrocarbonate. The subsequent isolation and digestion of DNA followed standard procedures (18, 19) . DNA from single flies was digested with HaeIII in 20-l reactions according to the specifications of the supplier (New England Biolabs; although 0.5 l of 10 mg͞ml RNase was added to each digest). DNA fragments were separated on a 0.7% agaroseTris acetate, and Southern blots were prepared according to protocols provided with the nylon membrane (Micron Separations, Westboro, MA) and the pressure blotting device (Stratagene).
The probe used to detect the mtDNA length variation was a clone of the 4.8-kb HindIII fragment of purified D. melanogaster mtDNA obtained by using standard methods (19) . This probe fragment was gel-purified after HindIII digestion and Ϸ20 ng then was labeled with dAT 32 P by using the Prime-It II random priming kit from Stratagene. This probe hybridizes to unique-sequence DNA in the length-variable HaeIII fragment and to the constant-sized 6.2-kb band in all flies (see Fig. 1 ).
Autoradiography and Densitometer Tracing. Washed membranes were exposed to Fuji x-ray film with two intensifying L-Plus screens. Two exposures were obtained for each gel in most experiments. The images were scanned with an imaging densitometer (model GS-670, Bio-Rad) interfaced with a Macintosh computer. By using auto volume integration with a general background subtraction (MOLECULAR ANALYST Software, Version 2.0; Bio-Rad), relative frequencies of the two length variants were estimated from the relative band areas on the scanned image. The averages of the values from the replicate autoradiographs were used as the estimates of the frequencies of mtDNA length variants within a single fly (i.e., a fly's heteroplasmic ''genotype'').
Female Age and the Inheritance of Heteroplasmy. Individual female virgins were collected from heteroplasmic mothers and placed in yeasted vials with a single sibling male at 1 day of age, and each vial was assigned a subline code (such as 4-19D4-D1 or 5-27H3-D). These vials were divided randomly into two sets of isofemale lines to be maintained at different temperatures (18°C and 25°C). All mated pairs were changed to a new vial every other day until the female no longer 
FIG. 2. (A)
Aging protocol for transmission of mtDNA length variants. This culture protocol was followed at both 25°C and 18°C with the mothers used for the two temperature treatments being siblings of the same heteroplasmic female. The data reported in Table 1 were obtained from the offspring generation, and the data reported in Table 2 were obtained from the mothers after they had laid eggs. (B) Aging and mating protocol. This procedure was replicated across different female sublines.
Evolution: Kann et al.
Proc. Natl. Acad. Sci. USA 95 (1998) produced many eggs (about 20 days). This action resulted in samples of 2-day cohorts of F 1 offspring from each heteroplasmic female through most of her adult life (for two culture temperatures). After about 20 days, the females (''mothers'') were stored at Ϫ80°C until DNA analysis (see Fig. 2A ). Each female subline thus is treated as a ''replicate'' (allowing for some variation in heteroplasmy among sublines caused by cytoplasmic transmission). Some of the virgins collected to start this age-and temperature-specific transmission experiment were held for 10 days at 18°C before they were sib-mated to compare mtDNA transmission between females who were mated immediately and those that hold their eggs before mating. The culture protocol for the ''held'' flies was the same as described above (see Fig.  2 A) .
Female Age, Mating, and the Change in Heteroplasmy Within a Generation. Samples of unmated and mated sibling flies of different ages were examined for heteroplasmy to study the change in frequency of mtDNA haplotypes as heteroplasmic individuals age. Virgin females were collected from four different heteroplasmic females (each within the 4-19D4 line), and each sample was split randomly into two groups. Flies from one group were allowed to age as virgins (one fly per vial; changed every other day). Flies from the other group were sib-mated and allowed to mate and lay eggs as they aged (one pair per vial; changed every other day). On day 2, half of the virgin flies and half of the mated flies were frozen. The remaining flies were allowed to age until day 14 when they were frozen for later DNA analysis (see Fig. 2B ). The structure of these data is as follows: female line is a random effect (model II ANOVA), mating status and age status are fixed effects (model I ANOVA), both of which are nested within female line (20) . Two-factor nested ANOVA was performed on arcsin-square root transformed frequency data, but the untransformed frequencies are presented in Fig. 3 . Mated flies will lay approximately 50-100 eggs per day through age 14 days and continually turn over oocytes from each of their ovarioles. Unmated females will lay a few eggs per day but the production of new cytoplasm by the ovarioles is dramatically reduced (ref.
21, see Discussion).
We note an important caveat in these experiments. By using mated vs. unmated flies as a means of manipulating egg Line and subline refer to the strain and mother within strain, respectively, of D. melonogaster (see Materials and Methods). Temp. refers to the temperature at which the mothers laid eggs and the eggs developed to emergence of F1 adult. Early and late lay refer to the age of the heteroplasmic mothers (in days) at the start of a 2-day period of egg collection. Heteroplasmic genotypes are expressed as the mean percent of the long (L) mtDNA among individual flies in a sample of offspring Ϯ the variance (n ϭ sample size of F1 off spring). ⌬%L is the change in frequency of the L-mtDNA between the early and late cohorts. The per-day ⌬%L is the value of the ⌬%L divided by the difference in age of the mother between the early and late lay dates. The U value is for Mann-Whitney tests between early and late cohorts. turnover we are introducing other uncontrolled factors that may affect the fitness of the experimental females (22, 23) . But because there was no death observed between any of our early (day 2) and late (day 14) samples we feel that, from the perspective of mtDNA length variants in the germ line, the mating treatment had its most significant effect on egg (cytoplasm) turnover.
RESULTS
An Age-Specific Transmission Bias of mtDNA Length Variants. Fig. 1 shows that as a female ages her later cohort of offspring has a greater proportion of long mtDNA than does her early cohort. This same pattern was observed in 16 of 18 heteroplasmic lines of D. melanogaster studied; in 12 of these 16 cases the increase was significant at the 5% level or higher (Table 1 ; although there is a multiple comparison problem across this table, a Wilcoxon signed-rank test shows that 16 increases of 18 is highly significant, T s ϭ 4; P Ͻ 0.0001). This result holds for the two different stocks of heteroplasmic flies (4-19 and 5-27), which have the same-sized small mtDNA (Ϸ19.5 kb) but different large mtDNAs (Ϸ20.4 and Ϸ20.0 kb, respectively). Holding the mothers as virgins before mating them does not appear to alter the patterns of transmission dramatically (see bottom section of Table 1 ). The variance among offspring was not consistently lower in the early cohort as compared with the late cohort (see Table 1 ). This finding is in contrast to data for D. mauritiana where an increase in the variance in late F 1 cohorts has been reported (6).
Temperature does not appear to have a significant effect on this pattern of transmission between generations (mean and SD of the frequency change per day for 18°C and 25°C are 0.0064 Ϯ 0.0024 and 0.0025 Ϯ 0.0045, respectively; not significant). In apparent contradiction to these transmission data, temperature did appear to have an effect on the proportion of mtDNA length variants within a fly during its lifetime (see Table 2 ). Heteroplasmic mothers who were mated and laid eggs at 25°C for 15-20 days showed significantly greater proportions of the long mtDNA than did samples of their siblings maintained in a similar way, but at 18°C. Note that many of the flies used to obtain the intrageneration data in Table 2 were mothers of the flies used to obtain the transmission data for Table 1; 
see Materials and Methods).
The Effect of Mating and Age on Heteroplasmy Within a Generation. Heteroplasmic females who were mated and allowed to lay eggs as they aged showed significantly greater increases in the proportions of the long mtDNA after 14 days than did a comparable sample of sibling females who were aged as virgins for 14 days (both groups were maintained at 25°C; Fig. 3) . In an ANOVA among 102 genotyped individuals from the four female lines, all effects were highly significant (see Table 3 ). The female line effect indicates that the four different females had different initial frequencies of the long mtDNAs, which is evident in Fig. 3 (the variation among means is not significant by an F test). The single effects of mating and age are strong individually. The interaction effect is also highly significant, indicating that the difference between young and old samples is different between mated and unmated flies.
More than 650 individual D. melanogaster were quantified by densitometry of Southern blots. In no case did we observe bands indicating novel mtDNA length variants, suggesting that mutation was not a major force, relative to replication or segregation of mtDNAs, in the frequency changes we report.
DISCUSSION
Genetics of mtDNA Length Variants. These data bear on a number issues relating to mitochondrial genetics and evolution. First, why does the long mtDNA variant increase with age both within and between generations? Previous studies in Drosophila (5) and crickets (7) have shown that the smaller of two mtDNA length variants within a germ line increase in frequency between generations. These reports are consistent with the notion that mitochondrial genomes of animals have been shaped by selection for small size, perhaps driven by a ''race for replication'' (1, 24) . The consistent increase in the frequency of the longer mtDNA variant reported here thus seems inconsistent with the race for replication scenario. However, our data are consistent with data reported by Solignac et al. (6) Table 3 for statistical analysis. Means (symbols) and standard deviations (between bars) for samples of offspring from four different heteroplasmic mothers (F9,  F12, F16, and F23) . Each data point reflects the proportion of long mtDNA in a sample of about seven F1 female offspring from the respective mother. Early ϭ day 2 and late ϭ day 14. For each heteroplasmic female identified in the Line column, a sample of sibling females were split randomly into two groups, mated individually, placed at 18°C or 25°C, and allowed to lay eggs for Ͼ15 days. Each number indicates the proportion of long mtDNA within a single female fly. The U value is for the Mann-Whitney test between samples of siblings maintained at the two temperatures.
Proc. Natl. Acad. Sci. USA 95 (1998)a long mtDNA variant was observed to increase in successive cohorts of flies descended from heteroplasmic females. Because our study included two different heteroplasmic strains (4-19D4 and 5-27H3) whose long mtDNAs differ in size, and both of these strains differ from the heteroplasmy examined in D. mauritiana, the age-dependent increase in the proportion of long mtDNA is well-supported for Drosophila and probably for insects. At the cytoplasmic level the argument that small plasmidlike genomes should outcompete longer genomes seems sound if the only relevant factor is the total amount of DNA to replicate. It has been suggested that the severity of some mitochondrial diseases are caused by the preferential replication of smaller mtDNAs in cells heteroplasmic for normal and deletion mutant genomes (2) . Because the length variation we have studied here is caused by variable number of tandem repeats (VNTRs) in the AϩT rich region of mtDNA that contains the origin of replication, there may be a trade-off between the initiation and the completion of replication. Additional repeats may stimulate the binding of polymerase and more than compensate for the additional base pairs of DNA that need to be replicated (1) . Suggestive of this trade-off is evidence for the maintenance of heteroplasmy of a normal and a deletion-mutant mtDNA lacking 10.4 kb (63% of the genome) in a pedigree of patients with diabetes and reduced oxidative phosphorylation. The smaller mtDNA in this case was lacking the light strand origin of replication, which may have offset the replicative advantage of the deleted mitochondrial genome (2, 25) .
Germ-Line Turnover. Our observation that the increase in frequency of the long mtDNA as a fly ages is significantly greater in mated than in unmated females suggests that some aspect of egg production is related to this phenomenon. Mated females can lay up to 100 eggs per day, but this number drops off continually as the female ages. In D. melanogaster that are held as virgins after eclosing there is a significant reduction in the rate of egg laying, relative to mated flies (reviewed in ref. 21, pp. 140-149) . Although mature oocyte production is arrested in held virgins, stem cell division is not shut down completely (26) (27) (28) . From these observations we can conclude that holding a fly as a virgin reduces considerably the turnover of germ-line cytoplasm, but does not reduce it to zero.
Our data are consistent with the qualitative information about cytoplasmic turnover in the Drosophila germ line. Flies held as virgins for 14 days did exhibit a slight increase in the proportion of the long mtDNA, but mating significantly increases this rate of increase (see Fig. 3 ; Table 3 ). As such, the pattern of mtDNA frequency shifts we have seen may have less to do with chronological age than with cell-generational age determined by the amount of cytoplasmic turnover occurring in a given cell lineage. Although we were not able to distinguish between the mtDNA in somatic vs. germ-line tissues in individual flies, it is likely that the ratio of mtDNA length variants quantified in whole-fly DNA extracts primarily reflect that in oocytes because these tissues are rich in mitochondria and comprise a substantial proportion of the total cytoplasm of a mature female. Moreover, cytoplasmic turnover is likely to be greatest in the production of mature oocytes, relative to other tissues in the fly (which has determinant growth). Thus our data and these observations lead us to the working hypothesis that the rate of age-specific increase in long mtDNAs is a function of the amount of mtDNA turnover in tissues, itself driven by the number of cell generations per unit time, necessitating a replenishment of the cytoplasmic population of mtDNAs. Interestingly, there are a number of different levels at which these frequency shifts could operate: differential replication of mtDNAs, differential inheritance of mitochondria, differential survivorship of oocytes or even larvae and adults.
Mitochondrial Mutations and Aging. There have been many reports in the literature suggesting a link between mtDNA mutations and the aging process (2, 3, (8) (9) (10) (11) . Although the evidence for an increase in the proportion of mutant mtDNAs with age is plentiful, compelling evidence for a causal association between the presence of these mutations and true senescence (physiological decay with age) is less common. The lack of any strong phenotype associated with the age-specific changes in heteroplasmy we describe makes it more likely that aging (defined as increasing numbers of cell generations) drives the changes in heteroplasmy, rather than the reverse.
Relatively little is known about the relationship between chronological age and cell-generational age in terms of mtDNA mutations in the germ line. Is there an increased likelihood that late reproduction may increase the probability of transmitting acquired, mutant mtDNAs (see ref. 13)? Or is the population of mtDNAs within a germ line effectively purified before it is transmitted to the next generation (cf. refs. 8 and 15)? Answers to these questions may shed light on the ongoing controversy over the importance of mutation accumulation versus antagonistic pleitropy in the evolution of aging (29) (30) (31) .
The very distinct patterns of germ-line determination in different organisms (32) also may affect the opportunity for the transmission of accumulated mitochondrial mutations (7) . Although there are clear differences between mammals and Drosophila in the biology of oocyte maturation (the lifetime supply of oocytes in mammals are produced around the age of birth, whereas flies continually produce oocytes), in both groups oocytes are arrested in mid-meiosis before fertilization. Because virgin flies hold an initial clutch of eggs if they are not mated, the differences between mammals and flies can be reduced under appropriate experimental conditions. Drosophila thus offers a manipulative system in which the distinction between the causes and effects of aging and its relationship to mitochondrial genetics may be made. 95 (1998) 
